ABSTRACT
A dult T cell leukemia (ATL) is a highly aggressive malignancy of activated mature CD4/CD25 ϩ T lymphocytes (1) that has been linked etiologically to human T-cell lymphotropic virus type 1 (HTLV-1) infection. An estimated 15 to 20 million people are infected with HTLV-1, predominantly in southern Japan, the Caribbean, Central and South America, intertropical Africa, and northern Iran (2) (3) (4) (5) . Of those infected, a small percentage (6.6% for male and 2.1% for female) will develop ATL after a long latency period of anywhere between 20 and 80 years (6) . ATL is generally classified into four clinical subtypes: acute, lymphoma, chronic, and smoldering (7) , with the median survival of patients in the acute phase being only 6 to 9 months (8) .
ATL patients suffer from a multitude of problems due to organ complications arising from infiltrating leukemic cells (9) , and opportunistic infections resulting from immune suppression (10) . Studies report that dendritic cells isolated from HTLV-1 carriers have impaired alpha interferon (IFN-␣) production (11) and reduced capacity to mature into antigen-presenting cells (12) . Natural killer cells have significantly decreased cytotoxic activity, allowing the escape of infected CD4 ϩ T lymphocytes from immune destruction (13) . In addition, several reports have demonstrated that HTLV-1-infected cells have a blunted type I IFN response, thereby inhibiting the induction of antiviral genes (14) . The HTLV-1 proteins Tax and HBZ have been implicated in suppressing the IFN signaling pathway (15) (16) (17) (18) . HTLV-1 infection also induces the expression of miR-155 and miR-146a (19, 20) , which are known to downregulate components of IRF3 (21) and TLR and RLR signaling, respectively (22, 23) . Collectively, HTLV-1 infection disrupts multiple levels of host immunity, allowing opportunistic infections and leukemogenesis.
Mechanistically, HTLV-1's Tax protein exerts multiple functions and is likely responsible for leukemogenesis through the ac-tivation of growth regulatory pathways, as well as repression of several tumor suppressor genes (24) . Tax is known to cause the constitutive activation of NF-B (25) , resulting in the expression of progrowth and prosurvival lymphokines such as interleukin-6 (IL-6), granulocyte-macrophage colony-stimulating factor, transforming growth factor ␤, IL-2R␣, c-fos, c-egr, and c-jun (26) (27) (28) (29) (30) (31) (32) . Tax has been shown to promote T cell survival, proliferation, and override cell senescence, leading to immortalization, and ultimately, the transformation of human primary CD4 ϩ T cells (24, 32, 33) . In addition to upregulating growth and survival pathways, Tax mediates the accumulation of genetic changes, which can lead to Tax independent proliferation and escape from cytotoxic-Tlymphocyte (CTL) targeted destruction, since Tax is a preferential target of the immune response (34) . Interestingly, most ATL patients are Tax negative, indicating that Tax is necessary for oncogenesis but not required for maintenance of the malignant phenotype (35) .
Despite significant progress since ATL's discovery in 1977 (36) , there is no effective treatment regimen for ATL. ATL is highly refractory to most treatment options and, although survival benefit has been seen using combination IFN-␣ and zidovudine or with allogeneic hematopoietic stem-cell transplant, ATL recurrence rates are high. There are a variety of clinical trials for ATL, both ongoing and in preparation. However, the need for new therapies is dire as most patients succumb to the disease within 5 years after diagnosis (37) .
Oncolytic virotherapy is under evaluation as a therapeutic option for a variety of diseases. Oncolytic virotherapy is the use of natural or engineered viruses as a therapeutic against a variety of cancers. Most transformed cells accumulate defects in innate immunity and translational control mechanisms since this confers a growth and survival advantage. However, this same advantage leaves them highly susceptible to viral infection (38) . Oncolytic virotherapy takes advantage of this differential to preferentially target cancer cells while sparing primary cells.
A promising oncolytic vector against ATL is vesicular stomatitis virus (VSV). VSV is an 11-kb negative-stranded enveloped RNA virus of the Rhabdoviridae family. Recombinant VSV has several advantages as an oncolytic vector over other oncolytic viruses. For instance, VSV is a RNA virus that remains in the cytoplasm during its life cycle; there is no known risk of its integration into the genome or transformation. VSV is genetically malleable, allowing new strains to be created with ease, and there is low seroprevalence in the general population, reducing the likelihood of a preexisting immunity that would render the virus ineffective as an oncolytic vector (39). VSV's oncoselectivity is mediated by its sensitivity to the IFN pathway. For instance, transfection of various IFN-stimulated genes (ISGs) renders normally permissive cells highly resistant to VSV replication (40) , and murine models harboring a defective IFN system are highly sensitive to normally innocuous exposure to VSV (41) .
As already discussed, ATL cells exhibit defects in IFN signaling and previous studies have shown VSV-HR Indiana serotype able to induce apoptosis in ex vivo ATL cells (34) , making ATL a highly attractive target for the development of new recombinant VSV oncolytic strains. However, due to the immunocompromised nature of ATL patients, VSV may prove to be pathogenic, especially since the VSV G protein is highly tropic for numerous cell types (8) . In the present study, we circumvented plausible problems associated with toxicity by creating a recombinant VSV strain that is specific for CD4 ϩ T cells, an event which effectively prevented off-target infection. This was achieved by replacing the VSV-G with gp160G, a fusion hybrid glycoprotein combining human immunodeficiency virus 1 (HIV-1) gp160 with VSV-G. A similar construct was developed earlier for the purpose of creating an HIV vaccine. Here, we utilize it as a directed oncolytic vector against ATL (42, 43) .
We demonstrate that VSV-gp160G is replication competent, has excellent specificity for CD4 ϩ cells, remains attenuated against primary cell types, and retains potent oncolytic activity against transformed ATL cells. Furthermore, we investigated VSVgp160G efficacy in vivo by treating ATL in NOD/Shi-scid, IL-2R␥-c-null (NSG) mice. NSG mice are immunocompromised and are excellent recipients for transformed human cell lines, including ATL (44) . Normally, NSG mice succumb rapidly to VSV infection regardless of the injection route. However, we found that VSVgp160G displayed no toxicity in mice, indicating that the vector is specific for human CD4. In vivo analysis indicated that VSVgp160G successfully exhibited oncolytic activity in ATL tumorbearing hosts and provided a significant survival benefit by delaying metastasis and impeding tumor growth. Collectively, our data demonstrate that VSV-gp160G is a promising agent for the treatment of CD4 ϩ T cell-related malignancies.
MATERIALS AND METHODS

Cells. BHK-21-WI cells (generously provided by M. A. Whitt) and HeLa cells were maintained in Dulbecco modified Eagle medium (DMEM;
Gibco/Invitrogen) supplemented with 10% fetal bovine serum (FBS), 5% penicillin-streptomycin. HeLa CD4 ϩ cells were maintained in DMEM supplemented with 15% FBS, 5% penicillin streptomycin, and 200 g of G418 sulfate (Calbiochem)/ml. The ATL cells, MT-2, MT-4, TLO-m1, and TLO-m1-luc (which were generously provided and developed by J. C. Ramos) and the B cell line, BJAB, were maintained in RPMI 1640 Medium (Gibco/Invitrogen) supplemented with 10% FBS and 5% penicillin-streptomycin.
Generation of rVSV expressing gp160G in lieu of VSV-G. A fusion protein between HIV-gp160 and VSV-G was generated using overlap extension PCR with Pfx Super Mix (Invitrogen) and incorporated into the VSV construct (VSV-XN2) (45) . To generate the HIV portion of the fusion protein, the first 750 amino acids of HIV gp160 were PCR amplified from the pNL4-3 HIV plasmid using the forward primer P1 (5=-CCGGA CGCGTATGAGAGTGAAGGAGAAGTA-3=; the underlined region indicates the restriction site for MluI, and the boldfacing indicates the HIV portion) and the reverse primer P2 (5=-ATGGATACCAACTCGGGATC CGTTCACTAA-3=; the boldfacing indicates the HIV portion of the primer, and the rest is homologous to the VSV-G cytoplasmic tail region). The last 30 amino acids of VSV-G (containing the cytoplasmic tail region) were PCR amplified from pVSV-XN2 using the forward primer P3 (5=-T TAGTGAACGGATCCCGAGTTGTATCCAT-3=; the boldfacing indicates the VSV portion of the primer, and the rest is the HIV portion) and reverse primer P4 (5=-CCGGCTCGAGTTACTTTCCAAGTCGGTTC-3=; the underlined region indicates the restriction site for XhoI, and the boldfacing indicates the VSV-G portion). Next, both PCR fragments were mixed together and PCR amplified to generate the full-length fusion protein gp160G with MluI and XhoI restriction sites. The gp160G gene was then cloned into pVSV-XN2 after restriction enzyme digestion with MluI and XhoI (NEB) to remove VSV-G and create compatible ends to ligate gp160G into the VSV-XN2 cDNA plasmid using quick T4 DNA ligation (NEB).
Recovery and purification of VSV-gp160G. VSV-gp160G was recovered using a modified version of established VSV recovery methods (46, 47) . In brief, BHK-21-WI cells in six-well plates (ϳ70% confluent) were infected with vTF7-3 (45) at a multiplicity of infection (MOI) of 5 on day 0. After 45 min, vTF7-3-infected BHK-21-WI cells were washed with serum-free medium and transfected using Lipofectamine 2000 (Invitrogen) with 0.5 g of pBS-N, 0.83 g of pBS-P, 0.17 g of pBS-L, 2 g of pcDNA-G, and 5 g of pVSV-gp160G in DMEM with 5% low-IgG FBS (Life Technologies). After 3 to 5 h of incubation, the cells were given fresh medium and then incubated at 37°C for 48 h. On day 1, a second six-well plate of BHK-21 cells was transfected with 2 g of pcDNA-G. After 48 hpi, the medium from the VTF7-3-infected cells was passed through a 0.2-m-pore-size syringe filter twice to remove the vTF7-3 vaccinia virus before being transferred to the BHK-21-G-transfected cells. If a cytopathic effect (CPE) was observed, indicating a viable VSV recovery, the medium was transferred to HeLa CD4 ϩ cells for amplification of non-VSV-Gpseudotyped progeny. The virus was plaque purified and further amplified using HeLa CD4 ϩ cells. Purification and concentration were achieved by pelleting the virus using ultracentrifugation with a low-density 10% OptiPrep cushion (Sigma). VSV was resuspended in phosphate-buffered saline (PBS) aliquots and kept at Ϫ80°C. Virus titers were determined by standard plaque assays using HeLa CD4 ϩ cells in 24-well plates. Virus infections. Cells were seeded in 6-or 12-well plates. Adherent cells were grown to 80% confluence, while cells in suspension were immediately infected after plating with rVSV at the indicated MOI. Adherent cells were infected with rVSVs at the indicated MOI in a reduced volume of serum-free DMEM for 1 h with agitation at 15-min intervals. The cells were then washed with 1ϫ PBS twice, and complete medium was added back to the cells. Cells in suspension were pelleted and resuspended in serum-free RPMI medium containing rVSV at the indicated MOI. After 1 h of incubation with agitation at 15-min intervals, the cells were washed twice in 1ϫ PBS, and resuspended in complete medium.
Western blotting. Infected cells were collected and incubated in lysis buffer (50 (48) for 30 min at 4°C with gentle agitation. Cell debris was removed by centrifugation for 10 min at 15,000 ϫ g. Protein concentration was quantitated using Coomassie blue (Thermo Scientific), and the optical density was read at 595 nm. Equal amounts of protein were separated using SDS-10% PAGE and transferred to a polyvinylidene difluoride membrane (PVDF). Membranes were blocked with 5% milk powder in PBS-0.1% Tween 20 at room temperature and then probed with antibodies against HIV gp41 (ARRRP 2F5, 1:5,000; PBS-Tween, 0.1%), HIV gp120 (Santa Cruz, 1:5,000; PBS-Tween, 0.1%), VSV-G (Sigma, 1:10,000; 5% milk in 0.1% PBS-Tween), or ␤-actin (Sigma, 1:20,000; 5% milk in 0.1% PBSTween) overnight at 4°C with gentle rocking. The membranes were probed with horseradish peroxidase-conjugated anti-human, anti-goat, or anti-mouse antibody (Santa Cruz) diluted 1:10,000 in blocking buffer. Membranes were washed with PBS 0.1% Tween 20, and then the image was resolved using chemiluminescence (Thermo Scientific) and captured by autoradiography (Kodak Film).
Growth kinetic assays. For adherent cells, i.e., HeLa and HeLa CD4 ϩ cells, a total of 10 5 cells/well were seeded in a six-well plate. Cells were infected with either VSV-XN2 or VSV-gp160G at an MOI of 0.001 in serum-free DMEM for 1 h, with agitation every 15 min. Next, the cells were washed three times with 1ϫ PBS, and 3 ml of complete medium was added to each well. The culture supernatants were harvested at the indicated times and kept at Ϫ80°C until virus titer was measured using a standard plaque assay with HeLa CD4 ϩ cells. For cells in suspension (MT-2, MT-4, TLO-m1, and BJAB), 10 5 cells were collected and resuspended in rVSV inoculum with serum-free RPMI at an MOI of 0.001 for 1 h, with agitation every 15 min. Next, cells were washed three times in 1ϫ PBS and seeded in six-well plate with 3 ml of complete RPMI supplemented with 10% FBS. Then, a 100-l sample was clarified of cell debris by mild centrifugation, and the culture supernatant was collected and stored at Ϫ80°C until the virus titer was measured by a standard plaque assay using HeLa CD4 ϩ cells. The remaining pelleted cells were resuspended in 100 l of RPMI-10% FBS and transferred back to the well.
Flow cytometry and viability assessment. Cells were seeded at 2 ϫ 10 5 /well in their respective media and infected with the indicated MOIs of either VSV-XN2 or VSV-gp160G. After incubation for the indicated times, the cells were collected, washed in PBS, and suspended in annexin V buffer (eBioscience). Annexin V (Southern Biotech) and propidium iodide (PI; BD Pharmingen) staining was performed according to the protocol supplied by the manufacturer. Cell staining was analyzed using flow cytometry (with an Aria IIu cell sorter). The cells were considered dead if they stained positive for annexin V.
VSV neutralization assays. VSV infections were performed in the presence of neutralizing antibody against either CD4 (BioLegend clone SK3) or HIV-gp120 (NIH AIDS Reagent Program, clone 2G12). Cells were seeded in a 12-well plate and then incubated with neutralizing antibody against CD4 (1 g) for 1 h at 37°C before VSV was added. The VSV inoculum was incubated with neutralizing antibody against gp120 (2 g) for 1 h at 37°C before being added to the cells. At 24 h postinfection (hpi) cells were analyzed by flow cytometry using annexin V-PI staining. Additional wells were photographed once significant syncytia occurred in the control wells (at 24 hpi for MT-2 and MT-4 and at 96 hpi for TLO-m1).
Ex vivo testing on primary human lymphocytes. Ex vivo-purified primary CD4 and CD8 T cells were obtained from the blood of a healthy donor using Rosettesep CD4 and CD8 T cell enrichment cocktails, respectively (Stemcell Technologies). Primary T lymphocytes were maintained in RPMI 1640 supplemented with 10% FBS and 30 U of rIL-2/ml. T cells were expanded using Dynabeads human T-activator CD3/CD28 (Life Technologies) immediately after isolation. The purity and activation status of CD4 and CD8 T cells were determined by using flow cytometry and antibodies against CD4 (BD Biosciences), CD8 (BioLegend, clone RPA-T8), CD3 (BD Pharmingen), and CD25 (BioLegend, clone BC96). The resting cell population was removed from T-cell receptor (TCR) stimulation 24 h prior to the experiment, and the activation status was determined at the time of plating for the viability test. Viability was determined using the fixable viability dye eFlour 660 (eBioscience) at 24 hpi with VSV-XN2 or VSV-gp160G at the indicated MOI. Activated primary CD4 T cells were also infected with wild-type VSV Indiana serotype at an MOI of 0.01 at 24 hpi and measured for viability compared to VSV-XN2 and VSV-gp160G. Prior to analysis, cells were fixed in 2% paraformaldehyde. Cells were analyzed using LSR-Fortessa-HTS.
Mouse studies. Male and female NOD/Shi-scid, IL-2R␥-c-null (NSG) mice were purchased from Jackson Laboratory and used to establish a breeding colony in the University of Miami (UM) animal facilities. All mice were housed under pathogen-free conditions. Female mice 6 to 8 weeks old were used for all studies.
Toxicity. Female NSG mice (n ϭ 7) were inoculated intranasally under isoflurane anesthesia with rVSV in 20 l of PBS (10 l/nostril). The mice were monitored for survival. Mice were euthanized if they displayed gross morbidity, signs of neurotoxicity, or hind limb paralysis.
Tumor studies. Female NSG mice (n ϭ 7) were injected with 4 ϫ 10 5 TLO-m1-luc cells through intraperitoneal (i.p.) injection. After tumor inoculation, mice were injected with 2 ϫ 10 6 PFU of VSV-gp160G on day 3 and 1 ϫ 10 7 PFU on day 18. Mice were monitored for survival. In vivo imaging of mice. Tumor-bearing NSG mice were transferred to the UM in vivo imaging system (IVIS) facility for imaging before and then weekly after VSV-gp160G inoculation (Caliper/Xenogen IVIS Spectrum). During imaging, mice were injected with luciferin (Caliper Life Science; 150 mg/kg diluted in PBS), anesthetized using isoflurane, and imaged 15 min after luciferin injection with the time postinjection matching between groups. The measurement region of interest (ROI) was expressed as flux (p/s), and the dimensions of ROI were kept constant for each weekly measurement.
Histology. VSV-gp160G-treated TLO-m1-bearing NSG mice were sacrificed through cervical dislocation under anesthesia using an i.p. injection of ketamine-xylazine. Organs were explanted and fixed in 4% paraformaldehyde overnight. Samples were embedded in paraffin, sectioned, and stained with hematoxylin-eosin.
VSV detection in organ homogenates. VSV-treated NSG mice were sacrificed through cervical dislocation under anesthesia using an i.p. injection of ketamine-xylazine. Organs were explanted and stored at Ϫ80°C for later use. Organs were weighed and then resuspended in 1 ml of cold PBS. Organs were homogenized and passed through a 0.2-m-pore-size mesh filter. Organ homogenates were then used in a standard plaque assay using HeLa CD4 ϩ cells to determine virus titer. Statistics. The data are presented as means Ϯ the standard deviations. The statistical significance was estimated with a Student t test or a logranked test. P values of Յ0.05 were considered statistically significant.
RESULTS
Oncolytic rVSV expressing gp160G in lieu of VSV-G. Recombinant VSV with endogenous VSV-G has a wide tropism and is able to infect most mammalian cell types (49) . In murine models, VSV can exhibit toxicity when administered at high doses due to the onset of neuropathy. To eliminate this potential problem and to create an oncolytic vector that targets only ATL cells, which are CD4 ϩ , we generated a VSV vector with the G protein substituted with a hybrid fusion protein containing extracellular and transmembrane domains from HIV1 gp160 and the cytoplasmic region of VSV-G. HIV-1 utilizes its glycoprotein, gp160, to gain entry into T cells through entry association with CD4 ( Fig. 1A and B ) (48) . Due to the lack of human CD4 in the BHK-21-WI cells, VSV-gp160G was first recovered with the inclusion of a support VSV-G plasmid to VSV-G pseudotype the virions and enable infection of BHK-21-WI cells. Then, after successful recovery, VSVgp160G was grown in HeLa CD4 ϩ cells to amplify the progeny virions sans VSV-G.
To determine that VSV-gp160G was successfully retargeted to CD4 ϩ cells, HeLa and HeLa CD4 ϩ cells were infected with either VSV-XN2 (that contain VSV-G) or VSV-gp160G at an MOI of 0.01. Each rVSV was found to have a distinct CPE that was visible under bright-field microscopy within 24 hpi. As expected, VSV-XN2 induced cell rounding (48, 50) in both HeLa and HeLa CD4 ϩ cells. However, HeLa cells were resistant to VSV-gp160G CPE, whereas HeLa CD4 ϩ cells were highly susceptible to infection, as indicated by the significant syncytium formation, consistent with gp120 and CD4 interaction (Fig. 1C) (51) .
Infected cells were subsequently harvested for immunoblot analysis using antibodies against HIV-gp120, gp41, VSV-G, and ␤-actin. This analysis indicated that HIV gp120 and gp41 were only detected in HeLa CD4 ϩ cells infected with VSV-gp160G and that HeLa cells are resistant to VSV-gp160G infection (Fig. 1D) . The double band in the gp41 immunoblot indicates that gp160G is cleaved into two separate polypeptides after processing, as expected (52) . Growth kinetic assays were performed to quantify the replicative abilities of VSV-XN2 compared to VSV-gp160G in both HeLa and HeLa CD4 cells. VSV-XN2 displayed robust replication kinetics in a multicycle infection (MOI ϭ 0.001) in both HeLa and HeLa CD4 ϩ cells, whereas VSV-gp160G was only able to replicate in HeLa CD4 ϩ cells, with a significant reduction in its replicative abilities (Fig. 1E) .
VSV-gp160G's ability to induce apoptosis in HeLa CD4 ϩ cells was confirmed using flow cytometry with annexin V-PI staining. HeLa or HeLa CD4 ϩ cells were infected with either VSV-XN2 or VSV-gp160G at an MOI of 0.1, and representative gating results at 24 hpi are shown ( Fig. 2A) . Cells and supernatant were collected 6, 12, 24, and 48 hpi to establish the kinetics of VSV-mediated apoptosis for each cell line at an MOI of 0.1. VSV-XN2 exerted oncolytic activity against both HeLa and HeLa CD4 ϩ cells and induced robust cell death within 24 to 48 h of infection. In contrast, VSVgp160G induced significant apoptosis only in HeLa CD4 ϩ cells with the HeLa cells being completely resistant. Despite its attenuated growth kinetics, VSV-gp160G was able to induce comparable levels of apoptosis in HeLa CD4 ϩ cells (Fig. 2B) . To confirm that VSV-gp160G is dependent upon cellular CD4 and viral gp120 interaction, infections were performed in the presence of neutralizing antibodies against either hCD4 or HIV-gp120. VSV-XN2's ability to induce apoptosis was not affected in the presence of either antibody, whereas the ability of VSV-gp160G to induce syncytia or apoptosis was severely attenuated in the presence of the neutralizing antibodies (Fig. 2C and D) . Thus, VSV-gp160G specifically infects and kills transformed CD4 ϩ cells in vitro via gp160G.
VSV-gp160G is potently oncolytic against ATL cell lines. After confirming VSV-gp160G specificity for HeLa CD4 ϩ cells, we determined the virus's ability to selectively infect and replicate within ATL lines. The CD4 ϩ ATL lines MT-2, MT-4, and TLO-m1 and the CD4 Ϫ Burkitt's B cell lymphoma cell line BJAB were all infected with either VSV-XN2 or VSV-gp160G at an MOI of 0.01 and analyzed for their respective CPEs at 24 hpi. Again, as expected, VSV-XN2 induced cell rounding against all cells lines, whereas VSV-gp160G induced syncytium formation only against the CD4 ϩ ATL lines (Fig. 3A) . MT-2, MT-4, TLO-m1, and BJAB cells were infected with either VSV-XN2 or VSV-gp160G at the indicated MOIs and then harvested at 24 hpi for immunoblotting to check for viral glycoprotein expression. HIV-1 glycoproteins gp120 and gp41 were only detected in ATL cell lines infected with VSV-gp160G, and BJAB cells did not express HIV-1 glycoproteins. Using ␣-HIVgp41 antibody, full-length gp160G and the gp41G fragments were detected in all CD4 ϩ cells infected with VSV-gp160G (Fig. 3B) . However, the gp41G subunit was not readily detected in MT-4 cells for reasons that remain unclear but may involve aberrant glycosylation events that could occur in these cells and that may affect antibody recognition. The detection of the heavy and light bands using ␣-VSV-G antibody in VSVgp160G-infected cells correspond to recognition of the cytoplasmic tail of the VSV-G protein that was fused to gp160.
Next, growth kinetic assays were performed in a multicycle infection (MOI of 0.001) to analyze the replicative abilities of VSV-gp160G and VSV-XN2 in ATL cells. VSV-XN2 was able to replicate in all cell lines infected, whereas VSV-gp160G was only able to effectively replicate within the CD4 ϩ ATL cell lines. Again, the growth kinetics of VSV-gp160G were significantly attenuated compared to VSV-XN2 (Fig. 3C) . VSV-gp160G's ability to induce apoptosis was confirmed using flow cytometry and annexin V-PI staining. ATL cells were infected with either VSV-XN2 or VSVgp160G at an MOI of 0.1, and representative gating results at 24 hpi are shown (Fig. 4A) . The kinetics of VSV-mediated apoptosis in ATL cells were determined at 6, 12, 24, and 48 hpi. MT-2 cells were found to be extremely susceptible to VSV-gp160G-mediated apoptosis, even significantly more than they were to VSV-XN2. The extreme syncytia in the MT-2 cells at 48 hpi likely interfere with the flow cytometry analysis, since we expected the reading to be significantly higher considering the phenotype of the cells. MT-4 cells were highly sensitive to both constructs and TLO-m1 cells were slightly more resistant to VSV-gp160G than to VSV-XN2, with the difference being significant at 48 hpi (Fig. 4B ). This analysis indicated that VSV-gp160G was able to effectively induce apoptosis in all ATL lines.
To verify that the oncolytic ability of VSV-gp160G was specific to gp120-CD4 interaction, we performed infection assays in the presence of neutralizing antibody against either HIV-gp120 or hCD4 as in Fig. 2 . VSV-gp160G's ability to induce syncytia and apoptosis was severely attenuated when using either antibody, whereas VSV-XN2 was not affected (Fig. 4C and D) . Our data indicate that VSV-gp160G is selectively oncolytic against CD4 sible off target problems such as infection of neurons (53) . However, while VSV is known not to effectively replicate or induce apoptosis in primary cells, the consequences of infection upon primary CD4 ϩ T cells, using VSV-gp160G, is unclear. Previous work using a recombinant VSV vector expressing an HIV 89.6 Env-VSV-G hybrid indicates that these vectors are nonpathogenic and do not affect primary CD4 T cell blood counts in rhesus monkeys. Furthermore, the VSV vector worked as a vaccine adjuvant and helped stimulate an antiviral response against SHIV. Theoretically, VSV-gp160G could help stimulate antitumor immunity by producing tumor-associated antigens through ATL cell death (54) .
In an effort to elucidate the potential pathogenicity of our vector, human primary CD4 and CD8 T lymphocytes were isolated from the peripheral blood of a healthy donor and expanded using TCR stimulation in the presence of IL-2. The purity of the isolated T cells was confirmed using flow cytometry and antibodies to CD4, CD8, and CD3 (Fig. 5A) . It is known that activated T cells are more permissive to wild-type VSV (Indiana serotype) infection and cell death than resting primary T cells. T cell activation leads to the activation of ERK, JNK, and AKT pathways, which promote cell cycle transition from G 0 to G 1 phase. The activation of these pathways is crucial for VSV replication (55) . However, recombinant VSV clones are attenuated compared to the wild-type VSV used to infect primary CD4 T cells in previous studies (34, 56) , and the effect of VSV-gp160G on activated primary T lymphocytes needs to be determined.
Primary CD4 and CD8 T cells and ATL (MT-2, MT-4, and TLO-m1-luc) cells were infected with VSV-XN2 or VSV-gp160G at MOIs of 0.01 and 1.0. Cell death was measured at 24 hpi using flow cytometry with fixable viability dye. Prior to infection, the activation status of the primary cells was determined through CD25 expression. The resting CD4 T cell population was removed from TCR stimulation prior to plating and allowed to revert to a resting state. The cells were considered resting if Ͻ50% of the population expressed CD25 and were considered activated if Ͼ90% of the population expressed CD25 (Fig. 5B) . As expected, none of the primary cell populations were significantly affected by either VSV-XN2 or VSV-gp160G exposure at either MOI. The ATL lines were all significantly affected by either VSV construct at an MOI of 1.0 (Fig. 5C ). We also compared the cytotoxicity of wild-type VSV Indiana serotype to recombinant VSV-XN2 and VSV-gp160G in primary activated CD4 T cells. We found that wild-type VSV induces significant levels of apoptosis at an MOI of 0.01 by 24 hpi (Fig. 5D) . These results indicate that primary CD4 T cells are not adversely affected by the administration of VSVgp160G and that ATL cells are far more susceptible to infection and apoptosis.
VSV-gp160G efficacy against ATL in NSG mice. To evaluate the safety of VSV-gp160G in immunocompromised hosts, we performed preliminary toxicity assays using NSG (NOD/Shi-scid, IL-2R␥-c-null) mice. NSG mice are severely immunocompromised, lacking mature T cells, B cells, and functional NK cells. They are also deficient in cytokine signaling. All of which makes them both highly susceptible to VSV infection and excellent recipients for engraftment of human cells. NSG animals (n ϭ 7) were inoculated intranasally with either 3 ϫ 10 5 PFU of VSV-gp160G or with 1 ϫ 10 3 or 3 ϫ 10 5 PFU of VSV-XN2. We observed that NSG mice inoculated with VSV-XN2 at the higher dose succumbed rapidly to neurotoxicity, while the lower dose resulted in ca. 60% survival. In contrast, mice inoculated with VSV-gp160G did not experience any symptoms, and there were no mortalities (Fig. 6A) .
After determining that VSV-gp160G did not result in neurotoxicity in immunocompromised hosts, we performed further in vivo analysis to evaluate whether VSV-gp160G is able to relieve ATL tumor burden. To accomplish this, we used TLO-m1-luc, a patient-derived ATL line that expresses the luciferase gene. The advantage of TLO-m1-luc is that it allows in vivo monitoring of tumor growth using an IVIS. Measurement of luciferase activity can be used to assess relative tumor size and its dissemination throughout the host. Through this technology, we were able to quantitatively track tumor progression throughout the disease course and detect when metastatic lesions developed. In our model, female NSG mice (n ϭ 7) were injected with 4 ϫ 10 5 of TLO-m1-luc i.p. on day 0. TLO-m1-luc inoculated mice received two different VSV-gp160G i.p. injections of 2 ϫ 10 6 PFU (day 3) and 1 ϫ 10 7 PFU (day 18), while the control group received PBS injections. Throughout the experiment, mice were imaged weekly using IVIS to track tumor progression and formation of metastasis. We observed that mice treated with VSV-gp160G survived for longer than the PBS control-treated mice (P ϭ 0.039) (Fig. 6B) . The luciferase activity measured at the injection site (flux [p/s]) increased at a much lower rate in the VSV-gp160G-treated mice and was significantly different at 30 days postinocu- lation (P ϭ 0.014) (Fig. 6C and D) . Mice treated with VSVgp160G also displayed a reduced tendency to develop metastatic lesions, with fewer than 50% of the VSV-gp160G-treated mice showing detectable metastasis after 22 days. In contrast, 100% of PBS-treated mice had detectable metastasis by day 15 ( Fig. 6E and  F) . Together, these results show that VSV-gp160G is able to mediate tumor burden relief in an in vivo model.
To determine the biodistribution of both VSV-XN2 and VSVgp160G in a naive NSG mouse model, 10 6 PFU of either virus were injected into the peritoneal cavity of individual mice on day 0, and then the mice (n ϭ 4) were euthanized on days 1, 7, 14, and 21 postinfection. The presence of VSV in brain, lung, liver, and kidney was determined by plaque assay. Residual VSV-gp160G was only detectable in the kidney 1 day after inoculation. In contrast, VSV-XN2 grew to a considerable titer in the brain and kidneys of the mouse sacrificed on day 14, and the mouse exhibited symptoms consistent with VSV-mediated neurotoxicity (Fig. 7A) .
To examine the nature of VSV-gp160G-mediated survival benefit a TLO-m1 luc bearing mouse treated with VSV-gp160G was sacrificed 76 days postinoculation, and its organs were taken for histological analysis. Syncytium formation inside the tumor lesions in both metastatic sites and the primary tumor were detected, indicating that the virus is successfully replicating and causing tumor destruction (Fig. 7B ). In addition, organ sections from the mouse were homogenized, and the presence of VSVgp160G was detected by standard plaque assay (Fig. 7C) . Our data thus indicate that VSV-gp160G does vacate the host if ATL is not present but is able to continually target ATL cells in vivo and mediate tumor burden relief.
DISCUSSION
Oncolytic viruses offer an intelligent targeted therapy to be used in the fight against cancer. The present study demonstrates that VSV can be retargeted to ATL cells while remaining replication competent and potently oncolytic. This was achieved by substituting the VSV-G for an HIV-1 gp160 -VSV-G hybrid fusion protein to restrict the virus's tropism to CD4 ϩ cells. HIV-gp160 is translated as a precursor and cleaved at the C5 domain by the convertases, kexin and furin, to yield external viral gp120 and transmembrane gp41. Cleavage of gp160 is highly conserved among HIV strains at the Arg-508-Gln-Lys-Arg-511 site. This tryptic cleavage site in gp160 has been shown to be essential for the fusion process and infectivity since site-directed mutagenesis at this site abolishes gp160's ability to induce fusion (52, 57) . Accordingly, our data indicated that the gp160 portion expressed by VSV-gp160G was efficiently cleaved in the cell lines examined, as indicated by the two bands in the gp120 and gp41 immunoblots.
We observed that the VSV-gp160G construct induced syncytia in CD4 ϩ transformed cells. Syncytium formation is a method evolved by several viruses to mediate cell-to-cell spread without having to bud from the host cell. By fusing membranes together, creating giant multinucleated cells, viral particles are able to spread without neutralizing antibody significantly affecting viral spread within the tumor mass (58) . In our VSV neutralization assay we observed that either gp120 or CD4 antibody was extremely effective at neutralizing VSV-gp160G in the HeLa CD4 cells. However, in the ATL cell lines, we observed that although gp120 and CD4 antibody significantly attenuated the virus, it was not as effective as in the HeLa CD4 cells. The most likely explanation for this discrepancy is how the gp160G fusion glycoprotein mediates viral spread. The formation of syncytia does not require virions to bud off the cell and reattach but instead a multimolecular structure known as a virological synapse forms to transfer virions between cells (59). This drastically reduces the distance viral particles must travel to infect neighboring cells and may account for the reduction in the ability of the neutralizing antibody (NAb) to block viral infection within the ATL cells in suspension. The HeLa CD4 cells are plated onto a flat surface, so there is less range of movement, and thus the virus will have to travel further to reach other cells and is more likely to encounter NAbs. Meanwhile, ATL cells tend to form aggregate masses, and this may prevent NAbs from associating with their targets, allowing the virions to spread within these cellular masses without encountering NAbs.
The formation of syncytia in immunocompetent hosts may greatly increase the efficacy of a fusogenic rVSV versus a nonfusogenic rVSV since the efficacy of NAbs will be reduced in neutralizing viral spread. Deep within a tumor mass, viral spread is limited for a variety of factors, including intratumoral pressure gradients, limited extravasation from blood vessels, and interference from the extracellular matrix (ECM) (60) . The formation of 6 PFU on day 3 and 1 ϫ 10 7 PFU on day18 (*, P ϭ 0.039, log-rank test). (C) Control or VSV-gp160G-treated mice from panel B were anesthetized and injected with a luciferin substrate i.p., and the uciferase activity was detected on days 3, 7, 15, and 22 using IVIS. The average flux (p/s) emitted is an indicator of tumor burden and was quantified using Living Image software (*, P ϭ 0.014; Student t test two tailed, equal variance). (D) Representative images acquired on day 30 of the experiment when statistical significance was achieved. (E) Numbers of NSG mice inoculated with TLO-m1-luc that developed luciferase activity in areas other than the primary injection site, indicative of significant metastasis. (F) The luciferase activity detected in the metastatic lesions for each group was quantified using Living Image software with control mice (n ϭ 7) and VSV-gp160G-treated mice (n ϭ 3). syncytia may be able to circumvent some of these barriers, and it is possible that that the fusogenic properties of VSV-gp160G could aid in viral spread within the tumor mass since our histology analysis reveals syncytium formation deep within the tumor and since others have reported an increase in viral spread when incorporating fusogenic membrane glycoproteins (FMGs) into their viral constructs (61) (62) (63) .
In addition, cancer cell death through syncytium formation can lead to necrosis formation in vivo, which is a highly efficient immune activator (64) . During syncytium formation large numbers of tumor-derived, exosome-like vesicles are produced. These vesicles can carry tumor-associated antigens, are efficiently picked up by immature dendritic cells, and can be presented to T cells to generate systemic antitumor immunity (65) . The bystander killing effect of FMGs on oncolytic viruses has been reported as being 10 times higher than the effect of expressed suicide genes such as cytosine deaminase or thymidine kinase (63, 66) . This may enhance the antitumor effects of VSV within a tumor mass since the cell death induced by viral gene expression can act synergistically with the syncytium formation to mediate a significant oncolytic effect. This effect is supported through the comparable levels of apoptosis between the constructs despite VSV-gp160G having significantly reduced growth kinetics (62) .
Uncontrolled syncytium formation is a potential safety concern (67) . However, in VSV, expression of FMGs depends directly on viral RNA replication. This effectively limits the fusogenic potential in normal cells since VSV-gp160G was still attenuated in normal cells. In addition, no syncytia were observed in normal tissue from histology and were limited to the ATL metastatic foci in organ tissue. Previous studies also report no significant damage to normal tissue using a fusogenic oncolytic vector in both a VSV and herpes simplex virus (HSV) model (61, 62) .
VSV-induced mortality of NSG mice involves neurotoxicity. During infection, wild-type VSV can travel to the central nervous system (CNS) via the olfactory bulb. VSV then spreads trans-synaptically using both anterograde and retrograde transport and through the cerebrospinal fluid (68) . The lethal dose of VSV is significantly lower via intranasal inoculation compared to i.p. injection since the former provides direct access to the CNS. VSV was rarely detected and only in trace amounts in the kidney organ homogenates directly after i.p. injection, most likely as a result of residual VSV from the injection and not a product of robust viral replication. It was not until the mouse exhibited signs of neurotoxicity that high titers of VSV-XN2 could be detected in the brain, although it still was not present in most other organs, except for the kidney. The presence of VSV-XN2 in the kidney was somewhat surprising considering that it was primary tissue and VSV-XN2 should have minimal expression within primary cells. A possible explanation is that the proximity of the organ to the injection site or an accidental puncture to the organ resulted in the kidney being exposed to a higher titer of VSV-XN2 and the virus was therefore able to overwhelm the natural innate antiviral defenses of the kidney epithelial cells. Many transformed kidney epithelial cells are excellent producers of infectious VSV, and if a viable infection is established then, theoretically, VSV would be able to grow within the kidney. In addition, since these animals are severely immunodeficient, there is no adaptive immunity to effectively neutralize the virus or CTL response to kill infected cells. Regardless, VSV-gp160G was barely detectable immediately after inoculation and then quickly dropped to undetectable levels in all organs. The initial reading of VSV-gp160G in the kidney was likely due to residual VSV-gp160G being present and not indicative of replication. This indicates that VSV-gp160G was unable to replicate within a non-tumor-bearing host and was rapidly cleared from the host.
Ex vivo analysis indicated that normal human CD4 ϩ or CD8 ϩ T cells were not destroyed by VSV-gp160G, suggesting that VSV- gp160G should be a safe therapeutic option when used in human patients. VSV-XN2 is able to infect many types of cells, including T cells, although there has been no indication that T-cell repertoires are targeted or significantly destroyed by VSV in experimental conditions. In a similar study to ours, the more virulent VSV-HR (Indiana serotype) was able to induce marginal apoptosis in primary activated T cells but not in resting T cells (34, 55) . Here, we demonstrate that wild-type VSV Indiana serotype was able to induce significant levels of apoptosis in activated CD4 T cells, whereas recombinant VSV-XN2 and our VSV-gp160G did not affect the viability of activated primary CD4 T cells. The recombinant VSV-XN2 is more attenuated compared to the wildtype VSV strain. The reasons for this are not entirely clear, but it can probably be attributed to spontaneous mutations generated during the reverse genetics process or other sequence differences (49, 56) .
The ability of VSV to effectively replicate and destroy transformed cells and not normal cells is likely due to defective antiviral innate immune mechanisms being prevalent in the latter population (41, 69) . VSV has repeatedly been shown to be highly sensitive to the actions of the IFN pathway, and the IFN deficiencies in ATL cells render them highly susceptible to VSV-mediated oncolysis (34) . Type I IFN defects are a common occurrence in ATL cells, and it has been demonstrated that other viruses also take advantage of this differential (70) . Thus, VSV-gp160G may provide a safe, effective means for the eradication of transformed CD4 ϩ ATL cells.
We observed that VSV-gp160G could be detected for extended periods (76 days) within an ATL bearing host but was unable to fully clear the tumor from the system. We believe that the lack of complete tumor clearance while VSV-gp160G is present within the host indicates that the ATL tumor mass is so dense within this model that it prevented the efficient spread of the virus throughout the mass and VSV-gp160G was unable to access the CD4 ϩ ATL cells. Considering that ATL is a blood cancer, this observation is likely to be an artifact of our chosen model, and in human patients this scenario is not likely to be encountered. In addition, tumor masses retrieved from ATL-bearing mice remained highly sensitive to VSV-gp160G and when extracted from the mouse and placed in suspension were readily infected with VSV-gp160G, which indicates that the tumor did not become resistant to the virus but rather was inaccessible to the virus.
The issue of safety that comes from using an HIV-1 fusogenic glycoprotein to target CD4 ϩ T cells is a valid concern, but we believe that the properties of VSV will override the cytopathic potential of HIV-1 gp160. VSV-gp160G possesses far slower growth kinetics than its parental VSV-XN2, and our ex vivo studies indicate that VSV-gp160G is still highly attenuated against primary cell types, including CD4 ϩ T cells. In addition, the use of a similar VSV construct was previously reported in studies where it was used as an HIV vaccine and was able to generate a robust humoral immune response while not adversely affecting CD4 T cell counts (43, 71) . This is a strong indicator that our construct will be cleared from the host, since neutralizing antibody is highly effective against VSV and the spread outside of tumor masses should be highly inhibited (72) . It is unlikely that VSV-gp160G will behave similarly to HIV in any way besides tropism.
VSV-gp160G is a prototype virus that specifically targets CD4 ϩ ATL cells. By removing the glycoprotein and restricting the virus to a CD4 ϩ tropism, we greatly reduced the possibility of neurotoxic side effects or off-target infection. We observed that the virus's growth kinetics have been somewhat reduced, but it is still potently oncolytic against ATL cells. Logistically, this could be problematic for clinical use since the yield of VSV-gp160G is significantly lower than that of VSV-XN2. There are several ways to optimize virus production. First, we could investigate additional cell types for producing VSV-gp160G. It is known that BHK cells produce a far greater amount of infectious VSV per cell than HeLa cells, and so a logical first step would be to generate additional cell lines that could more efficiently produce VSV (73) . An additional method would be to evolve the virus through serial passaging. VSV has a high mutation rate, averaging about 1 ϫ 10 Ϫ4 to 4 ϫ 10 Ϫ4 per base site, and typically exists as a mixture of genetic variants called quasispecies. Through natural selection, genetic mutants will compete during serial passaging until a superior arises that will overgrow and displace the other mutants. This technique was performed previously using a VSV-expressing chimeric Sindbis virus glycoprotein, which included a single-chain antibody directed to the human Her2/neu receptor. The evolved VSV had a 10,000-fold improvement in viral yield while maintaining its specificity for Her2/neu-expressing cells (74) . A similar protocol for our viruses is worth investigating in the future if clinically relevant concentrations of VSV-gp160G are needed.
Our results demonstrate that VSV-gp160G delivers a very real therapeutic benefit to immunocompromised ATL bearing NSG mice and may be a promising new therapeutic option. In addition, VSV-gp160G is still contains an open transgene site for the insertion of an additional gene to generate more potent strains of VSVgp160G. The incorporation of a suicide gene such cytosine deaminase is already being considered and developed. We believe that CD has potential to greatly increase VSV oncolytic potential without compromising safety or the ability of the virus to replicate since we have already incorporated CD into an earlier construct with wild-type VSV-G (75) . Alternatively, the expression of matrix metalloproteinase 9 was used in an oncolytic HSV-1 vector in a glioblastoma model, and there was a significant increase in viral vector distribution (76) . The use of a similar MMP could enhance the spread of VSV-gp160G by degrading the ECM and thus allowing improved distribution of the virus throughout the tumor mass. Also, there are a variety of treatment options that can be used alongside VSV-gp160G to improve its therapeutic effect. A promising option is radiation treatment, as numerous studies have shown oncolytic therapy is often synergistic with radiotherapy (77) (78) (79) (80) (81) (82) .
There is increasing appreciation for the use of oncolytic vectors as an immunotherapy. It was originally thought that the immune system was antagonistic to the outcome of virotherapy due to premature clearance of the oncolytic virus but recently studies have demonstrated the immunostimulatory properties of viral oncolysis to stimulate antitumor immunity, which will aid in tumor destruction and potentially prevent relapse (reviewed in reference 83). Tumor cell death from VSV-gp160G should be highly immunogenic due to the necrotic form of cell death induced by the fusogenic properties of gp160G, as discussed above. However, VSV-gp160G is highly specific for human CD4, and generating a syngeneic immunocompetent ATL tumor was beyond the scope of this study, as we were restricted to immunodeficient xenograft models. We believe that an active immune system will be beneficial to the overall survival of an ATL-bearing host. The fusogenic properties of VSV-gp160G enables the virus to spread without neutralizing antibodies significantly affecting intratumoral spread while inducing a known highly immunogenic form of cell death through syncytium formation. In addition, during tumorigenesis ATL cells generate massive amounts of mutations that form a wide variety of tumor-associated antigens and should provide plenty of targets for the CTL response if the immunotolerance can be broken (84, 85) . There is a humanized mouse ATL model that will be considered in future studies that provides an attractive target for immunocompetent testing of our construct in which the mice develop adaptive CTL responses (86) .
The use of oncolytic viruses allows a new treatment option in the fight against cancer that is highly customizable and is able to target the tumor in a way that can act complementary to existing treatments, greatly improving the efficacy of either treatment alone. We believe that VSV-gp160G is an important platform from which we can develop new treatment regiments that can help alleviate the burden of ATL and extend the life span of patients.
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